ACP (amorphous calcium phosphate) and DCPD (dicalcium phosphate dihydrate, or Brushite) powders were high energy dry ball milled at a 1:1 ratio for 1, 2, 3, 4, 10, or 24 hours to produce a variety of powders for use as calcium phosphate cements (CPC). A 1:1 blend of powders not subjected to milling was used as baseline material (control). Physicochemical and mechanical characterization was performed on the powder or cement at each milling time point and compared to control. The following changes were noted after 24 hours of milling: the crystallinity was reduced to a fully amorphous phase, the tap density increased by 89%, the specific surface area decreased by a factor of 7, and the total porosity of hardened cement decreased by 50%. Additionally, the compressive strength of hardened CPC increased from 2.6 MPa to a peak of 50 MPa after 10-h milling. The rate of paste hardening increased throughout the 24-h period. Full conversion of each milled material produced a similar composition low-crystalline calcium deficiency apatite with Ca/P atomic ratio of 1.45 and specific surface area around 195 m 2 /g. The specific structure of these CPC, with high surface area and reactivity of nano-crystals, is ideal for in vivo remodeling of new bone and controlled release of protein and growth factors.
Introduction
The standard of skeletal bone repair materials has historically been natural bone graft. However, these are associated with problems such as limited availability, painful and risky harvesting procedures, risks of viral transmission, and immune reaction for allograft bone from a cadaver. Designing synthetic bone substitute material is a challenging endeavor because it must be biocompatibile and bioresorbable, have structural integrity, and allow remodeling into new bone. Furthermore, the material must have large scale manufacturability, be cost-effective and easy to use for the clinician.
Various calcium phosphate cements attempting to mimic natural bone have been developed to address the above concerns. Naturally occurring bone mineral is made of nanometer-sized calcium deficiency hydroxyapatite with a Ca/P atomic ratio between 1.45 and 1.75 [1] . The poorly crystalline apatitic calcium phosphate of bone mineral is distinguished from the highly crystalline structure of hydroxyapatite which has an ideal stoichiometry of Ca 10 (PO 4 ) 6 (OH) 2 (with Ca/P=1.67). The composition of bone mineral, however, is significantly different and may be represented by [2] : Synthetic cements are typically based on an acid-base reaction between two or more calcium salts [3] [4] [5] . The hardening reaction of CPC is generally associated with the crystallization of a new calcium phosphate phase (mostly apatite) and entanglement of crystals. A new type of synthetic, injectable, self-hardening and resorbable calcium phosphate bone cement based on amorphous calcium phosphate (ACP) has been developed, called α-BSM  (bone substitute material) [6] . The hardening reaction has been found to be related to the fast hydrolysis of amorphous phase into apatite [7] . The cement remains workable for a relatively long duration at room temperature but hardens within 15 minutes at body temperature.
The purpose of this study was to prepare nanocrystalline apatitic calcium phosphate bone substitute material based on ACP using a high energy dry ball milling process. Ball milling is a common method of processing powders by action of comminution: a process of material size reduction consisting of breaking, crushing, grinding, and pulverizing. The process is performed in a rotating ceramic jar that agitates the media into a random state of motion of internal porosity called "kinematic porosity" [8] . The process first breaks the particles into smaller size and then beats and compacts them together to form agglomerates, introducing plastic deformation. The high shear and powerful impact produces an array of calcium phosphate cements (CPC) with different physico-chemical and mechanical properties.
Materials and Methods
An amorphous calcium phosphate (ACP) powder with Ca/P atomic ratio less than 1.5 was prepared by conventional double decomposition at low temperature using a calcium source (0.364 mol/L) and phosphate source (0.258 mol/L) in alkaline media (pH=13). Three crystal growth inhibitors (CO 3
2-
, Mg 2+ and P 2 O 7 4-) were also added to the solution in order to stabilize the amorphous structure. After filtration, washing, and freeze-drying, the ACP was activated by heating at 450°C for one hour to remove additional moisture and some inhibitors. Dicalcium phosphate dihydrate (DCPD) powder seeded with apatite phase (less than 10%) was prepared in a similar manner without adding crystal growth inhibitors, and was vacuum dried for 8 hours. The two powders at a 1:1 ratio were high-energy dry ball milled using 10 mm diameter high-density ZrO 2 media for residence times of 1, 2, 3, 4, 10 or 24 hours. The same blend of powders with no milling was selected for control.
Physico-chemical characterization of CPC powder was performed using FT-IR spectroscopy, high resolution X-Ray diffraction, TGA, BET, porosimetry by mercury intrusion, and Ca/P atomic ratio measurement. The hardening kinetics of cement paste were measured using texture analyzer equipment with uniaxial needle penetration assay in the plastic zone after incubating for various durations at 34ºC. The compressive strength was measured using uniaxial force on Instron with pre-formed CPC cylinder (∅ = 6mm and h = 12mm, conforming to ASTM F451) after incubating 2 hours at 37ºC. Full conversion was performed by hydrating the cement at the proper ratio, immersing it in buffered solution and incubating at 37ºC for 24 hours.
Results
The material properties changed most significantly in the first two hours of milling and changed more gradually after that, approaching steady state by 24-h. The high energy ball milling initially reduces the particle size of the raw material (ACP and DCPD) and then completely amorphizes the powder by 24-h as shown by XRD in Fig. 1 . The crystallinity of DCPD (2θ = 11.8º) is seen to gradually decrease with milling residence time. These results were also observed in FT-IR spectra as smoothing of peaks (not shown).
Thermogravimetric analysis (TGA) of CPC powders revealed that DCPD structural water is released completely around 200°C for control material (Fig. 2) . The curves of milled CPC powder have less definition, releasing bound water over greater temperature range, some at lower and some at higher temperature. All samples approached the same total mass loss of around 12% at 300°C. The tap density of CPC powder increased from 0.46 to 0.90 g/cm 3 after 24-h milling, confirming the effect of powder compacting. The specific surface area decreased from 36 to 5 m 2 /g, indicating particle fusion and agglomeration are active mechanisms.
The CPC powder, when mixed with an appropriate amount of hydration media (physiological saline) at room temperature, forms a moldable paste having neutral pH. The proper liquid-topowder ratio (L/P) decreased from 1.3 to 0.4 ml/g after 24-h milling, the paste density increased from 1.4 to 1.8 g/cm 3 , and total cement porosity decreased from 61% to 30%. The grinding process also produced CPC with different arrays of pore size and distribution from sub-micron (0.01 µm) to several hundred microns (Fig. 3 ).
The paste setting (when kgf>3.5) as observed with needle penetration assay showed that milling significantly accelerates hardening kinetics (Fig. 4) . For example, the CPC made with 1-h milled powder set in about 9 minutes, but 24-h milled powder set three times faster in about 3 minutes. The compressive strength of hardened CPC pellets increased from 2.6±0.3 MPa for control to a peak value of 50±5 MPa with 10-h milling, then decreased to 38±6 MPa with 24-h milling.
The strength decrease is believed to be a result of complete amorphization of material.
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The final product following the full conversion process was calcium deficiency hydroxyapatite (Ca/P = 1.45) with nano-sized crystal ([002]: 26 nm, [310]: 8 nm). All converted CPC from different milling time obtained similar composition by FT-IR and specific surface area around 195 m 2 /g, a factor of 40 increase. Thus, milling altered the initial but not final properties of the CPC. The high specific surface area and low crystallinity index (about 40%) of CPC's final products were found to behave like autologous graft in various preclinical studies.
Discussion and Conclusion
The high energy dry mechano-chemical grinding technique can be used to produce single and/or multi-component CPC. The simultaneous collision (media-powder) and local heat generation of hygroscopic calcium phosphate material cause an interdiffusion of particles, producing structural and chemical changes of materials. Sufficient milling residence time produces a new type of synthetic nanocrystalline or completely amorphous calcium phosphate cement which is denser, has greater strength, and hardens more rapidly. TGA shows that the regular DCPD structural water is released from one crystal site; with high energy milling (packing and amorphization) and plastic deformation, however, it is believed that the bound water is displaced to a different structural site or the bonds distorted, causing water to be released at different temperatures. The grinding additionally permits control of total porosity, pore size and distribution, specific surface area, and amorphization, properties which play a crucial role for cellular activities and in vivo remodeling of CPC.
The CPC setting reaction can be described by three zones: paste-like or plastic zone, setting zone, and hardening zone. Generally, the CPC hardening reaction involves the formation of elongated, entangled crystals as poorly crystalline apatite (PCA). However, the presence of very reactive non-apatitic environments at the surface of PCA's crystals yields a strong ionic mobility exposed to direct crystal-crystal interaction, and amorphization by milling promotes the interactions. We have shown that such strong interactions have been observed in the formulation of calcium phosphate ceramics at low temperature [9] ; they are believed to be related to the crystal fusion phenomenon described in the case of biological apatite. The specific structure of these CPC with high surface reactivity of nano-crystal confirmed that the self-hardening process does not affect the biologic activity of therapeutic agents. The existence of the reactive non-apatitic environment prepares the CPC to be biocompatible, highly bioactive, resorbable, and to associate with proteins and bioactive organic molecules such as growth factors.
